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1 Introduction

As a new embankment load is applied to a saturated, fine-grained, clayey soil, the soil will
settle by a process known as consolidation. Consolidation is typically classified as primary
consolidation settlement and secondary consolidation settlement. Primary consolidation
settlement occurs when excess pore water pressure dissipates from the soil layer under the
embankment into the surrounding soil. This gradual dissipation of excess pore water

produces a corresponding decrease in the soil’s void ratio as the soil consolidates.

Predicting the amount of primary consolidation settlement is important for many civil
engineering projects. This is especially true in much of Utah because of the widespread
presence of compressible soils in urban areas along the Wasatch Front. The surface
settlement resulting from primary consolidation settlement may range from a few centimeters
up to several meters, depending on the thickness of the clay deposit, its previous load history
(preconsolidation stress) and the magnitude of the increased stress caused by the new

embankment load.

The compressibility of lacustrine (i.e., lake) deposits along the Wasatch Front is well
documented by laboratory testing and field settlement measurements. The most extensive
study of these soils was completed in 1996 through 2002 along the I-15 and 1-80 corridors by
the Utah Department of Transportation (UDOT) and its geotechnical consultants as part of
the I-15 Reconstruction Project. Figure 1 shows a typical geotechnical profile for the
downtown Salt Lake City at the I-15 alignment. In this profile, the upper 6 m (20 ft) consists
of Holocene alluvium comprised of sands, silts, and clays transported by streams and rivers
from nearby canyons of the Wasatch Mountains. The alluvial deposits are underlain by about
10 m (33 ft) of soft, compressible sediments that belong to Pleistocene age Lake Bonneville.
This lake was a fresh water predecessor of the Great Salt Lake and was present in northern
Utah from about 30,000 years to 10,000 years ago. This approximate 10-m (33-ft) thick
lacustrine unit consists of clays and silts with interbedded fine sand. The upper 3 to 5 m (10
to 16 ft) of this unit is highly plastic (CH, MH) with lesser amounts of low plastic clays and
silts (CL, ML) and thin beds of sand (SM). The middle and lower parts of the Lake
Bonneville deposits have higher silt content with frequent thin beds of sands. Beneath the
Lake Bonneville deposits, at a depth of about 16 m to 18 m (52 to 59 ft), is a complex
sequence of interbedded sand, silts and clay. The upper part of this interval consists of dense
Pleistocene alluvium that predates Lake Bonneville and extends to a depth of about 23 m (75

ft). Below the Pleistocene alluvium are additional lacustrine deposits from the Pleistocene
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Cutler Dam Lake sequence. This lake was a smaller, freshwater lake that formed in the Salt
Lake Valley prior to Lake Bonneville and is comprised of clay, silt and inter-bedded sand

units.

Most of the consolidation settlement associated with embankment construction in the Salt
Lake Valley results from compression of the recent alluvium and the underlying lacustrine
deposits of Lake Bonneville and the Cutler Dam sequence. Settlement records from the
1960’s 1-15 embankment construction showed that these sediments initiate primary
consolidation settlement when approximately 2 to 3 meters (7 to 10 ft) of embankment is

placed over existing ground.

0 20000 40000 0 200 400 600 0.0 0.2 0.4 0.0 0.1 10.0
0 /‘ ‘ 0 omlmw 0 \
° A
- A
51 —7 51 Q 5+ A
pe 9 e
10 | 0l I A
i Y 107
Q AN
157 15 51 15
- Q
E L | L
£ 20 20 T 0+ 20 +
E L | L
Q
254 25 4 5 25+
L L Q F
I I Q i
30 30 T 0+ 30 +
L L | o L
35 35 5 9 351
40 L 40 o L 40
CPT Qt (kPa) Stress Profile (kPa) Compression Ratio Cv (m2/ day)

Figure 1. Sample geotechnical profile for downtown Salt Lake City at I-15.



When primary consolidation is triggered, the resulting settlement can be as large as 10 to 15
percent of the amount of embankment placed. For example, a 10-m (33 ft) high embankment
typically undergoes about 1 to 1.5 m (3 to 5 ft) of consolidation settlement from compression
of the foundation soils. In addition to the large amount of primary consolidation settlement,
the duration of consolidation settlement is relatively long, requiring up to 2 to 3 years to
complete, depending on the location, compressibility and thickness of the underlying
sediments. Thus, the time-rate of primary consolidation is an important design and

construction consideration.

In contrast to primary consolidation, secondary consolidation is a long-term form of
settlement that occurs under a constant vertical effective stress (i.e., the vertical effective
stress is not changing with time). In secondary consolidation, the excess pore pressure
associated with primary consolidation has essentially dissipated, thus secondary
consolidation is a decrease in void ratio change that occurs after primary consolidation, and
progresses under a constant vertical effective stress.  Secondary consolidation is
characterized by a continuing decrease in void ratio resulting from rearrangement of the soil
fabric with time. The magnitude of secondary consolidation usually diminishes with time on
a settlement versus log of elapsed time plot. Secondary consolidation is also referred to as
creep settlement. In general, secondary consolidation settlement is much smaller than
primary consolidation settlement and ranges from a few centimeters to a few tens of

centimeters during the lifetime of bridge structure.

Geotechnical design engineers must answer three important questions when estimating the
impact that consolidation settlement has on engineering projects. (1) What is the amount of
the expected primary settlement? (2) How long will it take for primary consolidation to
occur? (3) Will the amount of secondary consolidation be small enough so as not to damage
or decrease the serviceability of the structure? The first question is important because
excessive settlement can damage newly constructed bridges or adjacent facilities such as
highway pavement, walls and nearby buildings. The second question is also important, if the
construction schedule is impacted by the time required for primary consolidation. For
example, construction of bridges and pavement cannot be completed until most of the
primary consolidation settlement has occurred. Thus, a project may be delayed, if the
duration of primary consolidation is long. The last question affects the long-term
performance of the structure. During the life cycle of a structure or pavement, it is important
to verify that the amount of secondary settlement will not be deleterious. Surcharging (i.e.,

preloading) of the compressible soils has been the primary method used by geotechnical
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engineers in the Salt Lake Valley to reduce the amount of secondary settlement to tolerable
levels. Surcharging can significantly reduce the rate and amount of secondary consolidation
settlement (Saye and Ladd, 1999).



2 Purpose of Research

This research presents correlations that are useful in answering question number one (1)
above. The University of Utah Department of Civil and Environmental Engineering has
contracted with the Utah Department of Transportation Research Division to evaluate the
performance of innovative foundation treatments and embankment construction used on the
I-15 Reconstruction Project. Part of that research contract requires the evaluation of methods
of estimating the compressibility of the soil from field and laboratory data. In a concurrent
report (UDOT Research Report No. UT-03.20, Bartlett and Alcorn, 2004), an attempt was
made to correlate the compressibility of the lake deposits with in situ measurements made
from the cone penetrometer (CPT). Unfortunately, these CPT correlations did not produce
very reliable predictive equations for soil compressibility (i.e., compression index and
compression ratio). The coefficient of determination, R% for the regression equations was
about 20 percent for the best regression equations. (An R* value of 20 percent means that 20
percent of the variability in compressibility is being explained by the CPT measurements).
This relatively low R? value was disappointing. Thus, these relations were not deemed
reliable enough to be used for design purposes. It was also concluded that the CPT is not a
very reliable tool for predicting compressibility (i.e., C. and CR) when used in isolation

without other means of verification.

However, this was not true for the preconsolidation stress, c,”. The preconsolidation stress
can be determined reliably from the CPT data. A relatively robust regression equation was
developed for ,” from the CPT measurements and field measurements of settlement (Bartlett
and Alcorn, 2004).

This report is a continuation of research by Bartlett and Alcorn (2004). It uses soil index
properties, void ratio and moisture content tabulated by Bartlett and Alcorn (2004) to develop
regression equations for predicting the compression index and compression ratio for the

clayey lake deposits in the Salt Lake Valley.
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3 Previous Research

Previous researchers have developed empirical equations relating compression index, C., and
compression ratio, CR, with index properties such as liquid limit, LL (%), initial void ratio,
€, (unitless), natural water content, W, (%), and plasticity index, PI (%). In general, it has
been found that the compressibility of the soil increases with increasing plasticity and void
ratio. Also, the LL, PI and void ratio are reasonably correlated with the natural water content
for saturated soils.

The use of the above soil properties to predict soil compressibility is desirable because the
measurement of these properties does not require a large amount of laboratory time or
expense, when compared to oedometer (consolidation) testing. If reliable correlations can be
found, then a significant cost savings can be realized during many geotechnical
investigations. The scope of the geotechnical laboratory program can be reduced to a
confirmatory investigation of the consolidation properties; hence reducing the amount of

required oedometer testing.

There are many published equations for estimating C. in the geotechnical literature (EPRI,
1990). Perhaps the most widely used is that of Terzaghi and Peck (1967) for normally
consolidated (i.e., NC) clay:

C.=0.009 (LL-10) 3-1
This relation, along with many others, is shown in Figure 2. This research seeks to produce

similar types of relations that have been specifically developed and calibrated to the
lacustrine clays found in the Salt Lake Valley.
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4 1-D Consolidation Theory and Applicable Soil Properties

The equation from 1-D consolidation theory for estimating the amount of primary settlement,

S., from the compression index, C, for a normally consolidated clay is:

Sc =[Ce/ (1+e,)] * Ho * log [(G’vo + A Gyv1) / G yol 4-1

where H, is the initial thickness of the clay layer, e, is the initial void ratio, ¢y, is the initial
effective vertical stress (prior to the new load) and A o, is the increase in vertical stress

above c’y, caused by the application of the new load.

For an overconsolidated clay, equation 4-1 can be rewritten to:

Sc= [Ci/ (1+eg)] * Ho * log [(0p / O7vo] +
[Cc/ (1+e,)] * Hy * log [(op + A Ov2) / O] 4-2

where C; is the recompression index, G, is the preconsolidation stress and A o,, is the

increase in vertical stress above the preconsolidation stress.

The above equations are often rewritten with the compression ratio, CR, substituted for the

term [C. / (1+e,)]. Values of CR are the strain for 1 log cycle increase in vertical stress.

As we can see from the above equations, we need to know C, or CR to calculate the amount
of settlement from one-dimensional primary consolidation theory. For laboratory results,
values of C, can be determined from a graphical construction procedure using a plot of void
ratio and applied vertical effective stress (Figure 3). The compression index, C, is the slope
of the virgin compression curve when the test results are plotted in terms of the void ratio
versus logarithm of effective vertical stress. The compression ratio, CR, is the slope of the
virgin compression curve when the test results are plotted as vertical strain versus the

logarithm of effective vertical stress.



Void Ralio, &

Log &, (vertical effective stress)

Figure 3. Consolidation behavior.
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5 Data and Analysis Methods

5.1 Screening Laboratory Data for Sampling Disturbance

The goal of this research is to develop empirical equations to predict C, and CR for the
lacustrine clay deposits of the Salt Lake Valley. The empirical equations given herein will be
developed using laboratory consolidation tests that were performed by various geotechnical
consultants for the I-15 Reconstruction Project (Dames and Moore, 1996a, b, c; Kleinfelder,

19964, b, c, d). The tabulated laboratory data is presented in Appendix 1.

However, before this data can be used in the statistical analysis it is important to eliminate
those tests that have been strongly influenced by sampling disturbance. Most of the borings
for the I-15 Reconstruction Project were done using hollow stem augers and Shelby tube
sampling and show some signs of sample disturbance. However, the effect of sample
disturbance and its consequences can be minimized using the screening criteria developed by
the Norwegian Geotechnical Institute (Anderson and Kolstad, 1979) as shown in Table 1.
This screening is an important part of data evaluation because the laboratory values of
preconsolidation stress (c,”) and undrained strength (S,) are reduced by sample disturbance
and values of C; and CR are increased.

For this research, data with poor to very poor sample quality designations (SQD) (Table 1)
were eliminated from the statistical analyses and regression. The SQD is calculated by
obtaining the vertical strain obtained from a standard oedometer test at a vertical pressure
equal to the in situ vertical effective stress (o,’) calculated for the appropriate field
conditions. Thus a SQD of 4 percent means that the oedometer sample strained 4 percent
upon reaching a vertical stress that is equal to 6,’. All data were removed from the analysis

that had a SQD of 4 percent or greater.

Table 1. Sample quality designation versus strain (%) on reloading to ¢’ .

Strain (%) on Reloading to 6’y, Sample Quality Designation (SQD)
<1 VERY GOOD TO EXCELLENT
1-2 GOOD
2-4 FAIR
4-10 POOR
>10 VERY POOR

11



5.2 Field Correction of Compression Ratio

A correction to the virgin compression curve is required to minimize the effects of sample
disturbance as developed by Schmertmann (1955). The Schmertmann correction allows for
disturbance of the clay due to sampling, transportation, and storage of the sample plus
subsequent trimming and reloading during the consolidation test. This correction allows for a
more direct comparison between compressibility measured in the laboratory oedometer test

with that measured in the field by the magnetic extensometers.

The laboratory consolidation curves and properties compiled in Appendix 1 were corrected to
a “field consolidation curve” as shown in Figure 4. The Schmertmann (1955) correction
procedure for overconsolidated soil, as given in Holtz and Kovacs (1981), is described below.
(The overconsolidation construction was selected because experience has shown that the

clays along the I-15 alignment are overconsolidated.)

Void ratio, e

0.42 e, ‘L 3

Effective consolidation stress, o, (log scale)

Figure 4. Schmertmann procedure for overconsolidated soils (after Holtz and Kovacs, 1981).
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1. Perform the Casagrande (1936) construction and evaluate the preconsolidation
pressure G'p

2. Calculate the initial void ratio e,. Draw a horizontal line from e,, parallel to the log
effective stress axis, to the existing vertical overburden pressure G'y,. This establishes
control point 1, illustrated by triangle 1 in Fig. 4.

3. From control point 1, draw a line parallel to the rebound-reload curve to the
preconsolidation pressure G',. This will establish control point 2, as shown by triangle
2 in Fig. 4.

4. From a point on the void ratio axis equal to 0.42 e,, draw a horizontal line, and where
the line meets the extension of the laboratory virgin compression curve L, establish a
third control point, as shown by triangle 3. The coefficient of e, is not a “magic
number,” but is a result of many observations on different clays.

5. Connect control points 1 and 2, and 2 and 3 by straight lines. The slope of the line F
joining control points 2 and 3 defines the compression index C, for the field virgin
compression curve. The slope of the line joining control points 1 and 2 of course
represents the recompression index C;.

Schmertmann (1955) describes the assumption made in using a 0.42 e, value for the anchor
point (i.e., virgin-slope intersection point) of the field curve (Figure 4). Because the
intersection of the field initial virgin slope with the initial virgin slopes of laboratory
consolidation tests ranges from about 40 to 46 percent of the sample’s initial void ratio, e,,
Schmertmann (1955) recommended that an initial virgin-slope intersection point at 42

percent of e, be used as a reasonable estimate for most clays.

Because the Kleinfelder (1996a, b, ¢, d) consolidation curves were reported in terms of
vertical strain, €, and not void ratio, e, the following relations were used in applying the
Schmertmann (1955) technique to Kleinfelder’s data:

er=0.42 ¢, 5-1
Ae=¢e,— 0.42¢, 5-2
Ae =0.58¢, 5-3
e=Ae/(1+ep) 5-4
€=0.58¢,/(1+e,) 5-5

Using the equivalent of Ae written in terms of strain (Eq. 5-4) made it possible to correct the
Kleinfelder consolidation curves using the Schmertmann (1955) technique. Also for these

data, the slope of the field corrected virgin compression curve produces the compression ratio,

13



CR, instead of the compression index, C.. However, the two definitions of slopes can be

related by the following:

C.=CR:(1+ey) 5-6

Figure 4 is an example of the correction method outlined above, as applied to a compression

curve obtained from the Kleinfelder (1996a, b, c, d) consolidation curves.

When a vertical stress versus void ratio consolidation curve is used (e.g., Dames and Moore
consolidation curves), then C. can be corrected to a field C. value without applying
Equations 5-1 through 5-5. The field corrected C. value can then be converted to a field
corrected CR value by using Equation 5-6. (Another symbol used for CR is C; (Holtz and
Kovacs, 1981. However, the remainder of this text uses the symbol CR, which is meant to be

a field corrected virgin compression ratio.)

5.3 Calculation of Moisture Content from Void Ratio

The data presented in Appendix 1 do not have moisture content, W,,, values for the oedometer
samples performed by the various geotechnical laboratories. Thus, W, values were estimated

in Appendix 1 using:

S*e=Wn*Gs 5-7

where S is the degree of saturation (decimal fraction), e is the void ratio and Gs is the specific
gravity. For this equation, S equal to 1.0 (i.e., the soil is saturated) was used, and a G; value

equal to 2.75 was assumed, which is a typical value for clayey soils.

5.4 Simple Linear Regression

In this section, simple linear regression (SLR) method is used to calculate a best-fit line for
the I-15 oedometer data and the index properties. SLR is a statistical method for analyzing
the relationship between two variables, X and Y. The X variable is the independent variable
(i.e., the variable used to predict the Y variable). The X variable is also called the “predictor
variable.” The Y variable is the dependent variable (i.e., the variable that is to be predicted
by the X variable).

14



In this study, the X variables are: LL, e,, W, and PI. The Y variables that we considered are
C. and CR. Knowing X and a corresponding Y value, we wanted to find the best-fit line
through the data. The goal of SLR is to find the value of intercept and slope of the line that

best predicts Y from X. The form of the regression equation is commonly written as:
Y= B() + l31 X 5-8
where [ and B, are the intercept and slope of the regression equation, respectively.

In short, the regression procedure finds estimates of the [pand P; coefficients by a
minimization process. This is done by minimizing the sum of squares of the vertical
distances between the data points and the best-fit line in X-Y space. This is also equivalent

to minimizing the variance between the best-fit line and the Y values.

The predictive performance of the SLR line is judged by the coefficient of determination, R
For example an R” value of 0.5 means that 50 percent of the variation in Y is being explained
by the X variable. R? values vary between 0.0 and 1.0. An R” value of 0.0 means that the X
variable has no predictive advantage (i.e., there is no correlation between X and Y). An R’
value of 1.0 means that the X variable is a perfect predictor of Y, with no variation (i.e., there
is a perfect correlation between X and Y). We have used R” values to judge the relative

predictive performance of the SLR models that are presented in the next section.
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6 _Analysis

Figures 5 through 12 show the results of the regression analyses. These regressions were
performed on CR and C, for LL, e,, P and W, respectively.

Table 2 gives the R? values for each of the regressions shown in Figure 5 through 12. In
general, regression equations that used C. as the dependent variable had higher R? values
than those that used CR. This is expected because CR is really a function of C. and an
additional variable e, (i.e., CR = C. / (1 + ¢,)). This use of a second variable (i.e., €,) to
calculate CR introduces more variability in the regression process, hence lower R? values are
obtained for these regressions.

Table 2. Comparison of R? values from the regression analysis.

Dependent Variables

CR C.
Independent LL R* =025 R* =031
Variables ¢, R*=046 R*=0.66
PI R*’=0.14 R*=0.18
W, R*=044 R*=0.66

It should be noted that regression using e, and W, have the best predictive power as judge by
R’ (Table 2). Thus, void ratio and natural water content are the best estimators of CR and C..
Also note that the R? values for the regression using e, and W, yielded the same R* values.
The reason for this is that W, was calculated from e, using Equation 5-7, thus these

regressions are essentially the same, because W, and e, are related by a constant value.
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Figure 8. Void ratio versus compression index relations for the lacustrine (lake) deposits in
Salt Lake Valley, Utah.
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Figure 9. Plasticity index versus compression ratio relations for the lacustrine (lake) deposits

in Salt Lake Valley, Utah.
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Figure 10. Plasticity index versus compression index relations for the lacustrine (lake)

deposits in Salt Lake Valley, Utah.
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Figure 11. Moisture content versus compression ratio relations for the lacustrine (lake)
deposits in Salt Lake Valley, Utah.

1.2

11 y=0.0163x-0.247

R%=0.6572
0.8

0.6

0.4 -

Compression Index (Cc

0.2

saturated moisture content (%)

Figure 12. Moisture content versus compression index relations for the lacustrine (lake)
deposits in Salt Lake Valley, Utah.
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7 Comparison with Previous Work

For comparison purposes, the results from the previous section have been plotted against
relations for predicting CR and C. from other studies (Djoenaidi, 1985). The Salt Lake
Valley regression lines are plotted as the I-15 data line (heavy black line ending with an

asterisk) in Figure 13.

*all 1-15 Data *
IIO I .'D L L i 1T F Ll LI B ) T I .G LI I L L 1 T
| Wumbers reprasen anf B N
references given .
o o8 0.8} by Djoenaidi 08k 4 B AT
o = %Al -15 Data'’y 1+ -
i
E 06 06 06- H
E = pix] =
04 04 o4l .
&
E ¥ i i ]
S o2l o/, 0.2 0.2 -
(a4 lel4
n. v AL B 1 B I & § | i o o1 ﬂ i b i J B b @ 4 B | §
0 40 a0 120 Q 0.4 0.8 .2 4] 40 a0 120
Liguid Limit, w (%] Inifial Void Ratio, e, Matural Water Content, wp, (3]

Figure 13. Representative C, relationships for cohesive soils (Source: Djoenaidi (1985)).

From Figure 13 it can be seen that the I-15 regression of C. versus e, and W, are in
reasonable agreement with the relations published in Djoenaidi (1985). However, when the
LL relation is closely examined, we note that the Salt Lake Valley lacustrine deposits are
more compressible at relatively low LL values (see Figure 13, C; vs. LL plot). (Note that in
this plot, relatively low LL values of the I-15 data have relatively high C., when compared
with other relations.) The reason for this higher than average compressibility for relatively
low LL values is not readily apparent, but may be partly attributable to the calcareous nature
of the Lake Bonneville Deposits. (These deposits are calcareous silty clays and clay silts
which are partly composed of small shell fragments. The relatively high void ratio (i.e., high
compressibility) may be a result of dissolutioning of the carbonate shell fragments found in
the soil fabric.)

The C, versus e, plot shows that the Salt Lake Valley clayey soils have C. values that are
relatively typical when compared with other published relations (Figure 13). Likewise, the
plot of C. versus W, plot shows that this relation for the Salt Lake Valley clayey soils is
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reasonably similar to other published relations (Figure 13); however, the Bonneville soils do
appear to be slightly more compressible for the same W, value. Also, it is interesting to note
that relations that use W, have smaller differences in the regression lines when compared
with LL and e, regression lines (Figure 13). This suggests that in general W, is a more
reliable predictor than LL and PI. This was true for the I-15 data, where regressions based on
W, vielded higher R” values than those based on LL and PI. Thus, it is recommended that
W, be used to estimate CR and C., whenever possible. Also, e, is a good predictor of CR

and C. for the I-15 data and can be used as an alternative.
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8 Recommendations and Conclusions

The compressibility properties (C. and CR) of the lake deposits in the Salt Lake Valley can
be reasonably predicted by the natural moisture content, W,, and the initial void ratio, e,.
Regression equations using these soil properties yield R? values of about 45 to 65 percent.
This predictive performance is considered sufficient for use in preliminary design and to
supplement laboratory investigations at sites where laboratory data are limited. The final

regression equations are:
CR =0.0053 W, - 0.0283 8-1
C.=0.0163 W, - 0.247 8-2
where CR is the compression ratio, C. is the compression index and W, is the natural
moisture content (%). Alternatively, the initial void ratio, e,, can be used to predict CR and
C.. These relations have similar predictive performance as those using W,. The equations
are:
CR =0.1928 ¢, - 0.0283 8-3

C.=0.5928 ¢, - 0.247 8-4

However, the use of e, is less desirable than W, not because of its poorer predictive power,

but because e, requires more effort to measure in the laboratory than Wi,
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